Water rotational dynamics in NaSCN and KSCN solutions at a series of concentrations are investigated using femtosecond infrared spectroscopy and theory. Femtosecond infrared measurements, consistent with previous NMR observations, detect that sodium slows down while potassium accelerates the water O-H bond rotation. Results of reported neutron scattering measurements, on the other hand, suggested that these two cations have similar structure-breaking effects on water, and therefore should both accelerate water rotation through the presumably dominating large-amplitude angular jump component. To explain this discrepancy, theoretical studies with both classical and ab initio models were carried out, which indicate that both ions indeed accelerate the large-amplitude angular jump rotation of the water molecules, while the observed cation specific effect originates from the non-negligible opposite impact of the sodium and potassium cations on the diffusive rotation of water molecules.
Water dynamics in the hydration shells of ions and charged molecules play a critical role in a plethora of natural phenomena. [1] [2] [3] [4] [5] [6] The charged amino acids in proteins, for instance, have strong inuences on the water dynamics, and therefore play critical roles in various biochemical properties of the proteins including folding as well as enzyme catalysis.
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The kinetic energy of water molecules can, as another example, transfer to ionic reactants and drive the chemical reactions.
13
Trans-membrane ion transport starts and ends with the reorganization of the ionic hydration shells, which leads to remarkably different behaviors between ions which only have subtle differences such as sodium and potassium.
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The rotational dynamics of water in ionic solutions have been extensively studied to reveal the effect of ions on hydrogen bond interactions in water. [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] Water rotational motions have contributions from both the large-amplitude angular jump during the exchange of hydrogen bond acceptors and the slower diffusive reorientation of the intact hydrogen bond axis. 21, 23, 26, 27, [36] [37] [38] [39] [40] It is proposed, primarily based on studies of anions in water, that only the jump motion is signicantly affected by ions, while the diffusive component is rarely changed. This change of jump component is suggested to be caused by ions strengthening or weakening the hydrogen bonding structure of the surrounding water molecules. 19, 23, 26, 27, 37, 38, 41 For anions, it has been demonstrated that this perturbation can be understood as replacing the water-water hydrogen bonds with anion-water ones. Anions with stronger (weaker) hydrogen bonds than those in bulk water tend to hinder (accelerate) the angular jump of adjacent water molecules. 19, 23, 26, 27, 41 For cations, however, this picture is not applicable. Na + and K + are two of the most common cations in aqueous solutions in nature, playing critical roles in many important processes. However, the molecular details of these two cations' effect on the surrounding water molecules are yet to be elucidated. Neutron scattering experiments demonstrate that both Na + , a cation considered to enhance the water hydrogen bonding structure ("structure maker"), and K + which is considered to weaken the water hydrogen bonding structure ("structure breaker") cause a net disordering of the water structure 42 (further discussion on the observations of neutron scattering is given in Section A of the ESI †). The result suggests that both cations should accelerate the angular jump component and, if the diffusive component is negligible as in the anion case, the overall rotation of water. On the other hand, NMR relaxation measurements detect an accelerating effect of potassium while a retarding effect of sodium on the water dynamics (further discussion on this discrepancy between the two types of experiments is given in Section A of the ESI †). 28, 43, 44 To understand these fundamentally important but puzzling observations, we herein investigate, through femtosecond infrared (fsIR) measurements and theoretical studies, how the water rotation is modied by sodium and potassium cations. fsIR focuses specically on the rotation of water O-H bonds and has a much higher time resolution (further discussion is given in Section A of the ESI †), and therefore can be compared more easily with computer simulations. Due to its excellent time and structure resolution, fsIR has been extensively used to study water dynamics as well as how this is impacted by various ions and charged molecules. 19, 20, [22] [23] [24] [25] [26] 45, 46 As suggested similarly by the NMR measurements, our fsIR results show opposite effects from Na + and K + on water rotation.
Further analysis indicates that there are two molecular origins ( Fig. 1 ) that lead to the seemingly contradictory experimental observations of fsIR and neutron scattering experiments: (1) both Na + and K + , as the functional motifs, accelerate the jump component of the water rotation nearby, which is consistent with the neutron scattering measurement that both ions disrupt the water hydrogen bonding structure. (2) Na + can signicantly slow down the diffusive component in water rotation, while K + mildly accelerates the diffusive component. The experimental dynamic observations in fsIR are the net effects of these two processes. For Na + , the retarding effect on the diffusive motion overwhelms the accelerating effect on the jump motion, resulting in a net slower molecular reorientation. For K + , it accelerates both components of the rotation and therefore the overall motion is faster.
Methods

A. Experimental setup for fsIR measurements
The rotational dynamics of water molecules were measured using multiple-dimensional vibrational spectroscopy. A similar fsIR experimental set up was used for a group of alkali thiocyanate solutions with a series of concentrations up to 15 M, 47 with the discussion focusing on how ion clustering, at high concentrations (>5 M), leads to segregation of the rotational dynamics between water and anions. A ps amplier and a fs amplier were synchronized with the same seed pulse from a 82 MHz oscillator. The output of the ps amplier pumps an OPA to produce $0.8 ps mid-IR pulses with tunable frequencies around 2500 cm À1 (close to the OD-stretch central frequency).
The bandwidth of the pulse is around 20 cm À1 with an energy $40 mJ per pulse at 1 kHz. Light from the fs amplier is directed to generate a <100 fs ultra-broad band mid-IR and terahertz super-continuum pulse in the frequency range from <10 cm
À1
to >3500 cm À1 at 1 kHz. In experiments, the ps IR pulse is the excitation beam, and the fs super-continuum pulse is the detection beam which is frequency resolved using a spectrograph. Two polarizers are added into the detection beam path to selectively measure the parallel or perpendicular polarized signal relative to the excitation beam. Rotational relaxation dynamics of water molecules are acquired from the time dependent anisotropy R(t) ¼ (P k À P t )/(P k + 2 Â P t ), where P k and P t are parallel and perpendicular data.
To avoid the effect of resonance energy transfer, HOD solutions (1 wt% D 2 O in H 2 O) were used to obtain the OD reorientation dynamics in KSCN and NaSCN aqueous solutions, and the excitation and detection OD frequencies were set at the OD central frequency. The signal resulting from the vibrational relaxation induced heat was removed with the model and parameters described previously, 48 i.e., the energy from the ODstretch vibration is transferred through an intermediate state to a thermal end level.
As a result, the time dependent rotation anisotropy of the OD stretch mode in NaSCN and KSCN aqueous solutions at various ion concentrations as well as that in pure water was collected at 295 K, and corresponding rotational time constants were obtained by tting the rotation anisotropy decays with a singleexponential function (see Fig. 2 ). FTIR spectra of NaSCN and KSCN aqueous solutions (HOD, 1 wt% D 2 O in H 2 O) in the OD stretch region with various concentrations, the waiting time dependent parallel (P k ) and perpendicular (P t ) data of pure water, KSCN and NaSCN solutions, as well as the transient absorption spectra in the OD frequency region of HOD solution at 0.1 ps, are provided in Fig. S1 (the ESI †). The samples were placed in a Janis cryostat under vacuum. NaSCN and KSCN were purchased from Sigma-Aldrich and used without further purication. D 2 O was obtained from C/D/N Isotopes Inc.
B. Theoretical modelling
Classical molecular dynamics simulations were carried out for the NaSCN and KSCN aqueous solution systems at a series of concentrations up to 2 M. As a validation of the models used, we also carried out an ab initio simulation in 1 M solutions (simulation setups are discussed in Section B and C of ESI †). The second-order reorientation correlation function C a (t) of a molecule or ion in a solution along the OH vector a is described as a second-order Legendre polynomial (ESI †).
Adopting the Extended Ivanov Jump Model (EJM) we decomposed the difference between the rotational time constants in and details of this decomposition are given in the ESI. † To calculate the free energy proles along the average path of a specic type of hydrogen bond switching, we record all trajectory fragments in which this type of switching happens. The probability P(DR, q) to nd the system at a specic cong-uration (DR, q) is then calculated, in which q is the angle between the O*H* vector and the bisector plane of O time origin we then calculate the average values of (DR(t), q(t)) at a specic moment t along the hydrogen bond switching path. The probability of the system at that moment is dened as P(DR(t), q(t)). The free energy is calculated with the population free energy function, G ¼ Àk B T ln(DR(t), q(t)), and the contributions from the two reaction coordinates are obtained by
qÞ along the reaction path from the reactant to the transition state using a differential approach as described.
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Results and discussion
The opposite cation effects of sodium and potassium on water rotation were measured using fsIR. Using this fsIR technique (details given in the "Methods" section), we measured the rotational time constants s OH of water molecules in KSCN and NaSCN solutions at a series of concentrations up to 2 M (Fig. 2) . Opposite effects of Na + and K + on the water rotational dynamics are clearly observed: in a more concentrated solution, water rotation in the KSCN solutions speeds up, while in the NaSCN solutions it slows down. Diffusion rather than jumping causes the observed opposite trends in the fsIR experiment. We analyze the underlying molecular mechanism of the opposite cation effect with the assistance of theoretical modelling. Simulations based on the classical interaction model (Fig. 2 , details given in Sections B and D of the ESI †) successfully reproduce the opposite trends of the rotational time constants in NaSCN and KSCN solutions. Furthermore, the ab initio simulation of the solutions at a concentration of 1 M (Fig. S4 , details of simulation given in Section C of the ESI †) also demonstrates that both Na + and K + accelerate the jump rotation, while Na + slows down the diffusive rotation and K + slightly accelerates it. The results of the classical model are therefore well validated. Due to the expense of the ab initio calculation, the analysis from this point on is carried out based on the classical interaction model. Since the rotation of a water molecule in pure water as well as in ionic solutions is closely related to the hydrogen bond switching, 19, 23, 24, 27, 35, 41 we dissect the trajectory of each water molecule under investigation (the "tagged" water molecule) into a group of successive hydrogen bond switching events. We categorize these trajectory fragments into four groups according to the initial and nal hydrogen bond acceptors during the switching: (1) water-to-water; (2) water-to-SCN; (3) SCN-to-water and (4) SCN-to-SCN. A procedure based on the Extended Jump Model (EJM) 19, 35, 41 (details given in Section E of the ESI †) is then used to quantitatively decompose the difference between the overall rotation in solution and that in pure water into the jump and diffusive contributions of all four switching types (details given in Section F of the ESI †). The contributions from the water-to-water hydrogen bond switching are found to be the dominating components which decide the overall ion effect.
Ion effects on the jump (light-blue) and diffusive (brick-red) rotations during the water-to-water hydrogen bond switchings are presented in Fig. 3 . The most striking observation here is that the jump rotation is accelerated in both solutions, while the diffusive rotation is accelerated in the KSCN solution and retarded in the NaSCN solution. The theoretical results provide an explanation for the discrepancy between the different experimental observations:
42 the water hydrogen bonding structure is disrupted in both solutions as suggested by the neutron scattering experiment, which accelerates the jump rotations. On the other hand, the diffusive rotation is sped up in KSCN while being retarded in NaSCN solution. The sum of the two rotational components results in the observed opposite overall rotations in our fsIR measurements as well as in the reported NMR results. 28, 43, 44 In the following section we discuss the molecular details of how the jump and diffusive rotation during the water-to-water switchings are modied by the cations.
A. Molecular details of the cation effect on the jump rotation
The negative values of the cation effect on the jump component in Fig. 3 suggest that the presence of the ions in the neighbourhood of the tagged water molecule speeds up the jump rotation of water. To study the effects of the cations, we select a dilute solution (0.1 M) and inspect three types of water-towater hydrogen bond switching, where: (1) no ion is adjacent to either donor or acceptor; (2) one cation is in the rst solvation shell of the donor, and (3) one cation is in the rst solvation shell of the acceptor. Table S4 in the ESI † gives the jump rotational times of the donor water molecule during these types of hydrogen bond switching.
For these three water-to-water switching types, we present the time evolution of the free energy variation (see the "Methods" section for the technique used) along the average jump path in Fig. 4 (see Section G in the ESI † for a further discussion). The time origin is chosen to be the moment that angle (inset of the le panel of Fig. 4 ). The transition free energy barriers for the water-to-water jumps with a cation in the vicinity are lower than that with no ion around, which suggests that although the sodium and potassium cations do not form a hydrogen bond with the water molecules like the anions, they can still considerably affect the jump rotation of water.
We further look at the free energy proles of the cationbound water-to-water jumps along two coordinates: (1) (Fig. 4) . The free energy differences between the ionbound and the non-ion congurations are much smaller along the angular dimension than along the radial one. The translational departure of O*O a and the approach of O*O b is therefore much more prominently affected by the cations, since the free energy prole is modied more signicantly, compared to the reorientational searching-next-hydrogen-bond-acceptor component. The cation effect on the jump component has two aspects: (1) more commonly (69% in KSCN and 88% in NaSCN solution), a cation is next to the donor water. It breaks the surrounding hydrogen bonding network structure (le panel in Fig. 1 ) and makes it easier for the donor water to approach or leave the acceptor water molecule. (2) With a much smaller probability (31% in KSCN and 12% in NaSCN solution), a cation is bound to the acceptor water. It occupies part of the space between the donor and acceptor water molecules (center panel in Fig. 1 ), and directly distorts the H*-O a hydrogen bond (Fig. 5) . The hydrogen bond between the donor water and the cation bound acceptor water becomes easier to break, which lowers the free energy barrier.
B. Molecular details of the cation effect on the diffusive rotation Fig. 3 indicates that the diffusive rotation during the water-towater switching is accelerated in KSCN but hindered in NaSCN solution. To reveal the molecular origin of this ion specic effect, the average diffusive rotations of all the hydrogen Fig. 3 Ion effects on water rotation during water-to-water hydrogen bond switching and the changes (compared to that in pure water) of the jump (blue) and diffusive (brick-red) rotation time constants of the tagged water molecule in solutions with different concentrations during the processes that the tagged hydrogen bond donor water switches from one hydrogen bond acceptor water molecule to another (water-to-water). The ions accelerate the water-to-water jumps in both solutions, while their effects on the water-to-water diffusive rotation are opposite. Fig. 4 Time evolution of the free energy variation during the jump. The free energy profiles of the water-to-water jumps, with no ion or one cation nearby, calculated for the 0.1 M KSCN and NaSCN solutions, with the time origin chosen to be the moment that the hydrogen bond switching event happens (main context). Upper: Overall free energy profiles. Middle and Lower: Free energy profiles decomposed into contributions along the radial (middle) and angular (lower) coordinates.
bonding water pairs during the process of hydrogen bond exchange in the 0.5 M NaSCN and KSCN solutions is directly measured from the simulation trajectory (Fig. 6) . Consistent with the analytical decomposition results in Fig. 3 , we observed acceleration in KSCN and hindrance in NaSCN solutions as well. The water pairs chosen can then be separated into one group with at least one water molecule in the pair staying in the cation rst solvation shell and another group with both water molecules in the pair staying out of the rst solvation shells of the cations. For NaSCN, the diffusive rotation of the water pairs out of the cation rst solvation shells is almost the same as those in pure water, while that of the shell water is slower. This leads to an average diffusive rotation slower than that in pure water. For KSCN, the diffusive rotation of the shell water is slower than that in pure water (Fig. 6) , but less signicantly so compared to that in NaSCN solution. The average diffusive rotation of the water pairs out of the cation rst solvation shell is, however, clearly faster than that in pure water (Fig. 6) . The amount of water out of the cation rst solvation shell is much larger than that of shell water, which explains the faster overall diffusive rotation than that in pure water.
We next explore the molecular origin of the retardation of shell water and acceleration of water out of the cation rst solvation shell in their diffusive rotations. The diffusive rotation of the cation shell water pairs is retarded, and the retardation is more signicant for NaSCN. This suggests that they move together with the cations (Fig. 1) , with the residence time of water in the cation solvation shell much longer than the rotation time period. 49, 50 As an example of this long residence time, the simulation of the 0.5 M solutions suggests that the average water rotational time constants are 2.23 ps and 2.46 ps in KSCN and NaSCN solutions, respectively (in pure water it is 2.4 ps), while the corresponding residence times of water in the cation solvation shells are 8.25 ps and 21.61 ps. Furthermore, the sodium-bound water pairs diffuse, interestingly, slower compared with potassium-bound ones despite sodium's smaller size (the radii of bare sodium and potassium ions are 1.06Å and 1.38Å, respectively). 51 This apparent discrepancy is due to the fact that the ion mobility is related not only to the size of the bare ion but also to the hydration shell structure and lability. calculated Stokes radius of sodium is 1.94Å, larger than that of potassium (1.34Å), which indicates that sodium can move together with more water molecules, and therefore slows down the diffusive rotations of the shell water molecules more dramatically compared with potassium. To explain the accelerated diffusive rotation of water out of the cation rst solvation shell, we adopt a picture based on the well known Eyring viscosity model.
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The Stokes-Einstein-Debye relation suggests that the diffusive rotation of water molecules is proportional to viscosity in dilute solutions. 51, 52 To examine whether this relation is valid in the systems studied herein, we calculated the viscosities based on simulation trajectories using the Green-Kubo method 54, 55 (see Section J in the ESI † for the technical details). The calculated viscosities at a series of concentrations are presented in When a cation appears next to the acceptor water, both distributions deviate from the non-ion case. In the NaSCN solution, this deviation is much more significant (note that this does not suggest that the Na + hydration shell is more distorted than that of K + , see Section G of the ESI † for a further discussion). Fig. 6 Correlation functions of the water pair diffusive rotations in the 0.5 M KSCN and NaSCN solutions compared to that in pure water. The insets give the same correlation functions in a larger time window, which demonstrates that the decay of the correlation function for first shell water pairs is much slower than those for water pairs beyond the first solvation shell of ions, on average as well as in pure water.
rst solvation shell is therefore controlled by the hydrogen bond switching processes, 56 and a higher switching rate leads to faster diffusive rotation. Compared to the switching in pure water, that of water out of the cation rst solvation shell in the dilute solutions is accelerated (for instance, the average hydrogen bond switching time is 3.08 ps for water out of the cation rst solvation shell in 0.5 M KSCN solution and 3.28 ps in pure water). This speeding-up is due to the spatial correlation of the hydrogen bond switchings in water:
57 the acceleration of the switchings in the cation solvation shell (2.77 ps in 0.5 M KSCN solution) leads to acceleration of switching rates nearby. Consequently, the diffusive motion of the water out of the cation rst solvation shell becomes faster in the KSCN solution. For NaSCN, this effect is much less signicant. The hydrogen bond switching times are 3.21/2.92 ps for water out of/inside the cation rst solvation shell, respectively.
Cations do not always accelerate the water jump rotation as in the cases of Na + and K + . In Mg 2+ aqueous solutions (Fig. S2 in ESI †) the water jump rotation is actually retarded. This is due to the high charge density of Mg 2+ , which leads to a strong interaction between magnesium cations and water oxygens and therefore retards both the jump and diffusive components of water rotation. Such a dual retarding effect leads to slower water rotational dynamics in Mg 2+ solutions than in either Na + or K + solutions, as experimentally observed.
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In an earlier study on water rotation in dilute KSCN solutions, we demonstrated that the rotation of the "bridge" water adjacent to both ions of a KSCN pair is retarded. 58 This effect of ion pairing on water rotation is rather minor since the extent of pairing should have similar small values in dilute KSCN and NaSCN solutions.
The investigations carried out here focus on dilute solutions, and for the more concentrated ones, a general retardation effect is observed for all the ions despite their structure making/ breaking characteristics. 27 Similar analysis as what has been applied here can be used to understand the underlying physics of this general deceleration.
Conclusions
The modications of sodium and potassium cations on the rotational motions of the water molecules in their hydration shells are investigated. Contrary to the common view that sodium strengthens the water structure and therefore retards water motion while potassium facilitates the water motion by weakening the water structure, these two cations both speed up the angular jump rotation of the adjacent water molecule because of disruption of the water H-bond by the cations. On the other hand, the two cations have different net impacts on the diffusive rotation of the cation-bound water molecules. Na + slows down the water diffusive rotation while K + facilitates the water diffusive rotation. The picture revealed herein explains the apparent contradiction between neutron scattering measurements which suggest that these two cations disrupt the water hydrogen bonding structure and dynamics experiments which suggest that Na + retards while K + accelerates the water rotation.
